Abstract: 2,4-dinitrophenylhydrazine hydrochloride hydrate (I) was determined by X-ray crystallography, and the intermolecular interaction energies were calculated in terms of Natural Bond Orbital analysis. The asymmetric unit of (I) consists of a dinitrophenylhydrazinium cation, a chloride anion and a water molecule. The interatomic distances and angles in
Introduction
Hydrogen bonding plays a crucial role in chemical, catalytic, and biochemical processes, chemical and crystal engineering, as well as in supramolecular chemistry [1] [2] [3] . During the last few decades, new types of hydrogen bonding have been found, and all types of hydrogen bonds have been extensively studied [4, 5] , with particular attention to their spectral [6, 7] , structural [8, 9] and thermodynamic [10, 11] features, and the participation of hydrogen bonded complexes in proton transfer reactions in organometallic chemistry [3, 12, 13] . In spite of this, the energetic behaviour of hydrogen bonding is not so commonly studied as other hydrogen bond properties. These energetic properties are important, because they are responsible for the stability of created assemblies (both supramolecular complexes and reaction intermediates), and in consequence they govern the possibilities for hydrogen bonding applications [14, 15] .
2,4-Dinitrophenylhydrazine (DNPH, Brady's reagent) and its hydrochloride (I) are commercially available compounds commonly used in qualitative tests of carbonyl groups in aldehydes and ketones. Because the acidic environment is necessary for the reaction to occur, the hydrochloride (I) is more often used than DNPH itself. Although the structure of DNPH has been known since 1993 [16] , the structure of (I), surprisingly, has not been reported. DNPH is a very interesting compound in the field of hydrogen bonding research, because it contains two pairs of hydrogen bonding donors (NH) and acceptors (NO 2 ) in different environments, as well as the aromatic π electrons. Additionally introducing the HCl to an organic compound containing amine groups indicates the primary location of molecular interaction with an acid residue within receptors [17] , and changes the intermolecular interaction pattern due to both, creating cationic NH x + groups (x ∈ <1 -3>) and introducing a relatively strong hydrogen bond acceptor (Cl -). Therefore compound (I) was synthesised, structurally characterised, and studied by quantum mechanical calculations. 
Experimental Procedures

Crystal structure determination
A yellow plate shape crystal was mounted on a KM-4-CCD automatic diffractometer equipped with a CCD detector, and used for data collection. X-ray intensity data were collected with graphite monochromated MoK α radiation (λ = 0.71073 Å) at temperature 291.0(3) K, with ω scan mode. A 31 seconds exposure time was used and reflections inside Ewald sphere were collected up to 2θ = 50.26°. The unit cell parameters were determined from least-squares refinement of the setting angles of the 6004 strongest reflections collected in 2θ range 4 -50°. Details concerning crystal data and refinement are given in Table 1 . Examination of reflections on two reference frames monitored after each 40 frames measured showed 3.72% loss of the intensity. During the data reduction, this decay correction coefficient was taken into account. Lorentz, polarization, and numerical absorption [18] corrections were applied. The structure was solved by direct methods. All the non-hydrogen atoms were refined anisotropically using full-matrix, least-squares technique on F 2 . All the hydrogen atoms were found from difference Fourier synthesis after four cycles of anisotropic refinement, and refined as "riding" on the adjacent atom with fixed individual isotropic displacement factor equal 1.2 (C-H, N-H bonds) or 1.5 (H 2 O molecule, NH 3 group) times the value of equivalent displacement factor of the bound non-hydrogen atom. The SHELXS97 [19] and SHELXL97 [20] programs were used for all the calculations and preparing of publication materials. The XP subroutine from SHELXTL [21] program package was used for molecular graphic. Atomic scattering factors were those incorporated in the computer programs. Selected interatomic bond distances and angles are listed in Table 2 .
Quantum mechanical calculations
The molecular electronic properties have been calculated in a single point for X-ray determined coordinates as well as for optimised structure. The structural parameters were a starting model in each calculation. The optimised geometrical parameters of non-hydrogen atoms were in agreement with those found from X-ray measurement ( Table 2 ). The intermolecular interactions were calculated for sets containing from 2 to 47 molecules (with hydrogen atom positions optimised in all cases). The sets were constructed using H(DNPH) + cation as a starting point and adding one by one ions and molecules along intermolecular interactions in both hemispherical Table 1 . Crystal data and structure refinement details for title compound.
(a) floating origin restraints imposed by chirality of space group
Intermolecular interactions in 2,4-dinitrophenylhydrazine hydrochloride hydrate: X-ray structural and quantum mechanical study and linear mode. The first completed hemisphere contained the central molecule and 7 'satellites', and the second one contained 27 additional 'satellites'. 12 molecules were added to third hemisphere along the shortest second hemisphere dimensions (13 and 18 Å) corresponding to crystallographic a and b axes respectively (the longest second hemisphere dimension, located along crystallographic c axis, was 40 Å). Linear models were constructed along crystallographic hydrogen bonded chains, containing from 2 to 14 species. Both RHF and DFT methods (B3LYP density functional) with 6-311++G(3df,2p) basis set were used as implemented in Gaussian03 [22] . Such large basis set was used, because use of a larger number of basis set functions generally provides more reasonable energies for intermolecular interactions [23] . For satisfactory calculations of structures containing chlorine, f-type polarization functions must be included in the basis set [24] . The differences in electronic properties and energies originating from different numbers of molecules used in calculations, and the differences for the different methods used are given in parentheses as standard deviations from the average values. If no deviation is given, the values were the same within the range of reported precision. The energies of hydrogen bonds were also calculated in terms of Natural Bond Orbital (NBO) energetic analysis [23] [24] [25] . The basis set superposition error was estimated using the counterpoise method [26] .
Discussion
Crystal structure
The interatomic distances and angles in (I) show no unusual values, in contrast to DNPH where some aromatic bonds are distinctly shortened [27] . The ortho and para nitro-groups of (I) are inclined respectively at 0.7(4) and 12.8(3)° to the almost planar benzene ring (the maximum deviation from the C 6 least squares plane is 0.0192(12) Å for the C1 atom). These angles are distinctly different from these found in DNPH, where both NO 2 groups are inclined at the same angle in respect to benzene ring (respectively 8.4(4) and 8.8(4)°). The N1, N3 and N4 atoms diverge respectively 0.078(3), -0.035(3) and 0.061(3) Å from the abovementioned plane (for DNPH these distances are similar and equal to 0.029(3), 0.052(3), 0.017(3) Å respectively). Additionally, the hydrazine moiety is twisted out of the plane of the aromatic ring at a lower angle than in DNPH (Table 2 ). In both (I) and DNPH the -NH-group is planar (sums of angles around N atom are 358 and 360 respectively) and the terminal amine group coordination is pyramidal.
In both DNPH and (I) the -NH-group acts as the donor for two hydrogen bonds (one intra-and one intermolecular), one H atom of NH 2 / NH 3 group participates in two intermolecular hydrogen bonds and a second one take part in one intermolecular hydrogen bond [29, 30] .
Owing to presence of three different species in (I) in comparison with one in DNPH, the hydrogen bonding scheme is more complicated. The hydrogen bond motifs of (I) in the terms of first level graph [31] are described as S (6) Table 3 . This is distinctly different from motifs of DNPH, where three C(7) and one C(8) create a unitary graph set [27] . For D motifs binary graph sets are still finite and are described as DD and 1 2 R (5) (Fig. 2) . Finally, analysis of tertiary graphs reveals infinite patterns: two 2 3 C (6) and one 2 3 C (7) (Fig. 2) . Combination of the 2 3 C (6) graphs leads to a N 5 3 5 C (6)[ 2 4 R (8)] graph. All unitary finite D graphs create one sixthlevel 3 6 C (10) graph corresponding to the hydrogenbonded chain along the crystallographic a axis (Fig. 3) . Introducing the abovementioned N 1 S motifs to the N 6 3 6 C (10) chain leads to a three-dimensional hydrogen bonded net.
Theoretical calculations
The second order perturbation theory analysis of the Fock matrix in Natural Bond Orbital basis leads to the conclusion that the interactions discussed form mostly as the result of hydrogen bond acceptor (A) lone pairs donating electron density to the antibonding orbitals of D-H bonds. These 'delocalisation' energies are collected in Table 3 . Distinctly smaller than these terms, the second most energetic interactions are interactions between acceptor lone pairs and 1-center Rydberg antibonding orbitals of hydrogen atoms (e.g. 0.20 kcal mol -1 for N2-H2P•••Cl1 hydrogen bond). Total energies of hydrogen bonds calculated on the NBO basis are 10 -55% larger than the 'delocalisation' energies in Table 3 Table 3 ) can be also calculated on the basis of total self-consistent field energy, and these energies are 13.79, 16.36, 10.88, 10.87 kcal mol -1 (including a basis set superposition C (6) and N 3 2 3 C (7) graph. Atom numbering scheme and symmetry transformations are as in Fig. 3 . Intermolecular interactions in 2,4-dinitrophenylhydrazine hydrochloride hydrate: X-ray structural and quantum mechanical study error estimated using the counterpoise method [26] ). These values are slightly larger than those obtained on the NBO basis, but differences are small (< 0.81 kcal mol -1 ), and originate mainly from contributions from the acceptor's occupied orbitals other than lone pairs (e.g. 1-center Rydberg antibonding orbitals). Noteworthy is the fact that the D-H•••O (NO2) hydrogen bonds are weakest ones, and the bond strengths decrease with decreasing bond directivity, regardless of the bond lengths, i.e. enlarging of the D-H•••A angle leads to strengthening of the hydrogen bond, even if the bond is longer. That leads to conclusion that the directivity of the bond is more important than its length. In general, for a specific kind of bond, the hydrogen bond strength increases with decreasing bond length, but this is completely true only for system in which donors and acceptors can orient freely one to another, and the angles of the hydrogen bonds adopt preferred values [32, 33] . In the solid state, there are often constraints arising from packing and crystal net that prevent hydrogen bonds from adopting their preferred geometrical conformations. Thus in some cases the distance between donor and acceptor is short enough to allow interaction, but a small D-H•••A angle prevents an interaction energy from attaining the typical value (for given distance), due to the unfavourable arrangement of orbitals. The intramolecular C3-H3•••O3 bond is very weak and it can be supposed that the interaction stabilisation energy originates more from the arbitrary close arrangement of atoms than from a real hydrogen bond. The energy calculated on the basis of total self-consistent field energy is 1.14(2) kcal mol -1 (including a basis set superposition error estimated using the counterpoise method [26] ).
Analysis both of the NBO charges and of those derived from electrostatic properties using Breneman radii (Fig. 4) shows that NO 2 groups are typically polarised with -0.36(6) a.u. charges on oxygen atoms and positive a.u. charges on nitrogen atoms. The Cl -ion has almost -1 charge, and the NH 3 group has 0.93(3) a.u. charge, with negative charge located on nitrogen atom and a positive charge of 1.26(4) a.u. divided almost equally among the three hydrogen atoms.
Conclusion
The introduction of hydrogen bond acceptor and donor groups to the structure of DNPH distinctly changes the hydrogen bonding scheme, and none of DNPH hydrogen bonding motifs are retained. However, the overall conformation of the molecule is little changed (the biggest difference brings for ortho nitro-group, which is coplanar with C 6 ring in (I) and inclined at 8. (2) -0.24 (1) 0.14(1)
